INTRODUCTION
============

West Nile virus (WNV) is a flavivirus that is transmitted by mosquitoes and causes fever, encephalitis, and death in birds and mammals, most notably humans and horses \[[@B1]\]. The virus was originally isolated in 1937 from a febrile human who resided in the West Nile district of Uganda \[[@B2]\]. It is distributed extensively throughout Africa, the Middle East, parts of Europe, Western Russia, South Western Asia, and Australia \[[@B3]\]. In the summer of 1999, WNV appeared for the first time in North America \[[@B4], [@B5]\]. Within a short period of five years, WNV has spread to almost all the contiguous states in the United States and parts of Canada \[[@B6]\]. In general, WNV causes fever and occasionally meningoencephalitis (WNME) \[[@B7], [@B8]\]. This later condition can be fatal, especially in elderly people \[[@B9]\]. WNV infection can cause paralysis by destroying neurons in the anterior horn of spinal cord \[[@B10]\]. This loss of specific neuronal population might actually represent the anatomical and functional substrate of many symptoms associated with WNV infections. Pathophysiological mechanisms and molecular pathways of WNME have yet to be resolved. There are various hypotheses elucidating the mode of neuronal injury following WNV infection \[[@B11], [@B12], [@B13]\]. However, they still remain controversial.

Studies measuring changes in the expression of multiple proteins promise to provide a powerful strategy for characterizing complete pathophysiologic processes and designing novel drug therapies. To date, the only available and most consistently successful approach to identify proteins and their post-translational modification is two-dimensional (2D) electrophoresis. It is a long established technology whereby proteins are separated according to their molecular weight and isoelectric point. This can be used to characterize proteins detected as spots on gels. Two-dimensional electrophoresis has progressed significantly since it was first described by O\'Farrell in 1975 \[[@B14]\] with innovations such as precast immobilized pH gradient gels to aid first-dimension separation and highly sensitive and linear sensitive fluorescent dyes that allow both visualization and quantitation of separated proteins. Conventional two-dimensional (2D) methods rely on comparing profiles from at least two gels. Unfortunately, this can lead to problems in reproducibility, as no two gels can be identical due to differences in gel composition, electric and pH fields, and thermal fluctuations. Significant improvements have been made in 2D technology with the development of fluorescence 2D differential gel electrophoresis (2D-DIGE) technology, the principle of which was originally described by Ünlü et al, 1997 \[[@B15]\]. Proteins are first pre-electrophoretically labeled with one of the three spectrally resolvable fluorescent cyanine dyes ([Figure 1](#F1){ref-type="fig"}). This improves the sensitivity and dynamic range of protein detection. Molecular weight and charged matched cyanine dyes enable multiplex labeling with different samples run on the same gel \[[@B16]\].

To our knowledge, this is the first comprehensive study to evaluate protein expressional changes in West-Nile-virus-infected neurons. We used proteomic fractionation by 2D electrophoresis, 2D differential gel electrophoresis (2D-DIGE), followed by mass spectrometry to evaluate and identify an array of proteins that may be intimately associated with the process of neuronal cell death due to WNV infection.

MATERIALS AND METHODS
=====================

Reagents
--------

N-hydroxy succinimide ester Cy3 and Cy5 dyes as well as all the reagents for running 2D electrophoresis were purchased from Amersham Biosciences (Piscataway NJ); Sypro Ruby gel stain was purchased from Molecular Probes (Eugene, OR).

Primary culture of rat cortical neurons
---------------------------------------

Establishment of the cultures of rat (Sprague Dawley) embryonic (18 days) cortical neurons was based on the methods of Dravid and Murray \[[@B17]\] and Adamec et al \[[@B18]\], with some modifications. Briefly, pregnant mice were euthanized by CO~2~ asphyxiation, and embryos were removed under sterile conditions. Neocortices were collected, stripped of meninges, minced by trituration with a Pasteur pipette and treated with trypsin for 20 minutes in a 37^°^C water bath. The cells were then dissociated by two successive trituration and sedimentation steps in an isolation buffer containing soybean trypsin inhibitor and DNase. The cells were then centrifuged and resuspended in neurobasal medium supplemented with B27 (1X), glutamine (2 mM), glutamate (25 *μ*M), penicillin (100 U/mL), streptomycin (100 g/mL), fetal calf serum (1%), horse serum (1%), and plated at the density of approximately 8 × 10^5^ cells/mL on polylysine- (50 g/mL) precoated glass cover slips (diameter 12 mm) in 12-well plates, or approximately 2.25 × 10^6^ cells/mL on polylysine- precoated 6-well plates. The cultures were maintained in a humidified atmosphere of 5% CO~2~ / 5% air at 37^°^C in a tissue culture incubator. Ara-c (5 *μ*M) was added at 48 hours after plating to prevent the proliferation of non-neuronal cells. Half of the medium was changed to fresh Neurobasal / B27 four days after plating and subsequently once a week.

Virus
-----

Neuronal cells were infected with WNV strain DES 160-02 that was isolated from a dead American crow (*Corvus brachyrhynchos*) from Georgia, USA, in 2002. It has been passaged twice in African green monkey kidney cells (Vero Middle America research Unit (MARU)) for initial isolation and generation of stock virus. Virus titers were determined in Vero MARU cells using the procedure as described in \[[@B19]\]. Primary neurons were infected with WNV at a multiplicity of infection (MOI) of 5 plaque forming units (pfu) per cell. At day 5 post infection (p.i.), the cells were fixed with 10% neutral buffered formalin and stained with 0.25% crystal violet.

Immunocytochemistry
-------------------

For detection of virus infection, expression of microtubulin-associated protein (MAP2), and apoptosis, primary neuronal cultures on glass cover slips were fixed in paraformaldehyde (4%) in PBS overnight at room temperature, permeabilized by 15-minute incubation with Triton X-100 (0.1%) in PBS, and subsequently blocked for 30 minutes with goat serum (1%). Primary antibodies were incubated overnight at 4^°^C in a hybridization chamber. Virus antigen was detected using an affinity-purified rabbit anti-WNV antibody directed against a peptide corresponding to amino acids 235--250 of the envelope protein. MAP2 was detected using an anti-MAP2 antibody \[[@B20]\]. For both virus infection and MAP2 expression, the secondary antibody used was goat anti-rabbit IgG tagged with Alexa Fluor 488 \[[@B21]\]. Apoptosis was detected by the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay using the Fluorescent FragELTM DNA fragmentation Detection Kit (Oncogene) according to manufacture\'s instructions.

Sample preparation for 2D analysis
----------------------------------

The neuronal monolayer was rinsed once with 1X phosphate buffer saline (PBS), pH 7.4, to remove the cell culture medium. The cells were lysed in buffer, containing 9 M Urea, 10 mM DTT, 30 mM Tris, 4% CHAPS (3-\[(3-cholamidopropyl)dimethylammonio\]-1-propanesulfonate) and harvested using a cell scraper. The cells were sedimented by centrifugation at 2000 x*g*. After centrifugation, the cells were disrupted by ultrasonication (Braunsonic 300s) twice for 15 seconds on ice. The resulting homogenate was centrifuged twice for 30 minutes at 12 000 x*g*. All the steps were carried out at 4^°^C. Protein concentration was measured by Bradford method using bovine serum albumin as a standard \[[@B22]\].

Cy dye labeling
---------------

WNV-infected neuronal protein lysates and control lysates were labeled using the fluorescent cyanine dyes (Cy3 and Cy5) according to the manufacturer\'s recommended protocols. Protein (50 *μ*g) from cell lysates was labeled with 400 pmol of amine reactive cyanine dyes, that is, Cy3 or Cy5 N-hydroxysuccinamide (NHS) ester DIGE dyes (Amersham Biosciences), freshly dissolved in anhydrous dimethyl formamide. No primary amines, DTT, or carrier ampholytes were included in the lysis buffer as such components could potentially react with the NHS esters of the cyanine dyes. The labeling mixture was incubated on ice in the dark for 30 minutes. The reaction was quenched by addition of 10 nmol of lysine followed by incubation on ice for another 10 minutes. Equal volumes of 2X sample buffer containing 7 M Urea, 2 M thiourea, 4% w/v CHAPS, 65 mM DTT, and 2% v/v immobiline pH gradient (IPG) buffer were added to each of the labeled protein samples, and the two samples were mixed prior to isoelectric focusing (IEF) on Immobiline IPG strips.

Two-dimensional gel electrophoresis
-----------------------------------

First-dimension separation was carried out by using the immobiline dry strips pH 4--7 (linear). The strips were rehydrated in a rehydration solution containing 7 M Urea, 2 M thiourea, 2% CHAPS, 30 mM Tris, 2% IPG buffer, 28 mM DTT, and trace of bromophenol blue, overlaid with 3 mL dry strip cover fluid, in an immobiline dry strip reswelling tray. The samples were applied at the basic end of the IPG strip using a cup-loading technique. IEF was carried out on a multiphor electrophoresis unit consisting of five phases of stepped voltages from 500 to 3500 V with total focusing of 48 kVh. Focusing started at 500 V for 4 hours at 15^°^C and then continued at 3500 V for 12 hours. The narrow pH range IPG strips were focused to 70 kVh.

Prior to the second dimension, strips were equilibrated in buffer containing 67 M urea, 1% w/v sodium dodecyl sulfate (SDS), 30% v7/v glycerol, 100 mM Tris, pH 6.8, reduced with 2% (w/v) DTT, and subsequently alkylated with 2.5% (w/v) iodoacetamide. After equilibration, proteins were separated on second-dimension separation on a 10% gel, 20 cm × 20 cm, at 30 mA constant \[[@B23]\], in a BioRad Protean II xi system (Bio-Rad Laboratories, Hercules, Calif). The strips were sealed on the top of the gels using a sealing solution (1% agarose, 0.5% SDS, 0.5 M Tris-HCl). The run was completed once the bromophenol blue reached the bottom or run of the gel.

Image analysis
--------------

The Cy3 gel images were scanned on the Typhoon 9400 Variable Mode Imager (Amersham Biosciences) at an excitation wavelength of 540/25 nm (maxima/bandwidth) and at an emission wavelength of 590/30 nm, while the Cy5 gel images were scanned at an excitation wavelength of 6207/30 nm and at an emission wavelength of 680/30 nm. Gel images were converted to 16-bit TIFF files and processed in DeCyder V3.0 (Amersham Biosciences). The spots on the gel were codetected automatically as DIGE image pairs, which were intrinsically linking a sample to its in-gel standard. Matching between gels was then performed utilizing the in-gel standard from each image pair. The experimental setup and relationship between samples were assigned in DeCyder, a 2D analysis software platform designed specially for DIGE. Each individual Cy5 gel image was assigned an experimental condition as either control or infected, and all Cy3 images were assigned as the standard.

Alternatively, in order to obtain a visual appreciation of the differences in fluorescent spot intensity, false-colored gel images were constructed using the protein patterns originating from the Cy3- and Cy5-labeled samples present in the same gel. For this purpose, signal intensities of both images were adjusted using Adobe Photoshop 7 (Adobe Software, San Jose, Calif), to correct for uneven fluorescence yields. The gray-scale Cy3 and Cy5 images were false-colored in red and green, respectively. The overlay image showed yellow spots where proteins were present in equal amounts and red or green spots indicating proteins with a higher expression in the Cy3- or Cy5-labelled experimental condition. Proteins were believed to be differentially expressed when they were visible as red or green spots, depending on the experimental condition \[[@B24]\]. After 2D-DIGE imaging and image analysis, the protein spot pattern was visualized by Sypro Ruby stain. The gels are then stored in 1% acetic acid at 4^°^C until spot excision.

Peptide mass fingerprinting
---------------------------

For peptide mass fingerprinting, in-gel digestion was either performed manually or by using an automated protein digestion system \[Ettan digester (Amersham Biosciences)\] according to the manufacturer\'s protocol \[[@B25]\]. In brief, the gel plugs were washed with 50 mM ammonium bicarbonate, then with 50% v/v acetonitrile in water followed by 100% v/v acetonitrile for dehydration \[[@B25]\]. Following overnight digestion with trypsin (Promega, Madison, Wis) in 50 mM ammonium bicarbonate (pH 8.0) at room temperature, peptides were extracted using sequential steps of 0.2% v/v TFA in water, followed by 50% v/v acetonitrile in 0.1% v/v TFA. Some of the peptide extracts were desalted using ZipTips C18 (Millipore, Bedford, MA) according to the manufacturer\'s protocol. The peptides were eluted with 5 *μ*L of 50% v/v acetonitrile and 0.1% v/v TFA. The peptide extracts were used for MALDI-TOF protein identification \[[@B26]\]. The proteins used as controls were conalbumin type I, bovine serum albumin, carbonic anhydrase, trypsin inhibitor, and rabbit muscle glyceraldehydes 3-phosphate dehydrogenase (Bio-Rad, catlog no 161-3020). All standard proteins were identified in every run with ∼95% accuracy.

Database analysis
-----------------

Protein identification was performed using the measured monoisotopic masses of peptides and analyzed using worldwide web (WWW) search programs such as MS-FIT provided by UCFS (<http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm>), PROFOUND provided by Rockefeller University (version 4.7.0) (<http://prowl.rockefeller.edu/profound_bin/WebProFound.exe>), or MASCOT (<http://www.matrixscience.com>) using National Center for Biotechnology (NCBI) database. These programs calculate the likelihood of correct identification based on the theoretical number of peptides in a trypsin digest of a given protein and number of peptides matched \[[@B27]\]. A mass tolerance of 0.02 d was used for masses measured in reflector mode and mass tolerance of 0.1% was used for masses measured in linear mode. Acetylation of the N-terminus, alkylation of cysteine, and oxidation of methionine were considered as possible modifications.

RESULTS AND DISCUSSION
======================

Understanding the complex changes taking place in biological systems or disease at the molecular level will eventually lead to a better understanding of the underlying mechanisms. The proteomics technology is conceptually well suited to describe the molecular anatomy of a system and its changes in levels of protein and their expression pattern \[[@B28]\]. In this work, two samples on each gel were differentially labeled with spectrally different fluorescent cyanine dyes, Cy3 and Cy5 ([Figure 1](#F1){ref-type="fig"}). These dyes are approximately 500 d in molecular weight and are matched for charge and molecular weight, ensuring that the same protein will migrate to the same position on a 2D gel. These are pH-insensitive, having no change in signal over wide pH range used during first-dimension (ie, IEF) separation. However, they have different emission and excitation wavelength \[[@B15], [@B29]\]. The protein-dye labeling is done by a lysine labeling (minimal labeling) method, which labels the proteins via the epsilon amino group of lysine. Protein solution was cleaned of interfering substances (phenolic compounds, nucleic acids) by using a 2-D clean up kit (Amersham Biosciences) \[[@B30]\].

Two-dimensional profiles of primary neuronal lysates showed high-resolution separation of spots and low-stain background on silver stain ([Figure 2](#F2){ref-type="fig"}). Protein spots that were either up- or downregulated were marked. We observed that most of the protein spots were between 150 kd and 15 kd. Few high molecular weight proteins could be observed. This could be due to the limited ability of high molecular weight proteins to enter the first-dimension IPG gel. Protein spots that significantly increased or decreased in neurons infected with West Nile virus, when compared to control, were picked and analyzed. Three pH gradients, ranging from pH 3 to 10, pH 4 to 7, and pH 5 to 6, were used to analyze the protein spots in two dimensions. Protein profiles at pH 3--10 and pH 4--7 showed that most of the changes (i.e., up- or downregulated) observed in WNV-infected neurons were within the pH range of 5--7 ([Figure 2](#F2){ref-type="fig"}). Hence, we decided to investigate these proteins in more detail. This was done by using the 2D-DIGE technology at a narrow isoelectric focusing pH gradient of 5--6 to get a better resolution. Moreover, silver stain, though sensitive, does not have dynamic linearity and has a large protein-to-protein variability making quantification more difficult and less reproducible \[[@B31]\]. Also, at narrow pH ranges, we can load large amount of protein without affecting the resolution on the gel. Running both the samples on the same gel in DIGE refines the detection of changes of expression at the protein level. Variation in spot intensities (protein expression) due to experimental factors would be the same for each sample within the DIGE gel. DIGE, therefore, increases the confidence with which protein differences can be detected and quantified \[[@B32]\]. To assess the global changes in protein blueprint caused by Cy dye labeling, the same gel was also labeled by Sypro Ruby stain. The patterns of cyanine dyes and Sypro Ruby dye were very similar enabling accurate spot matching and picking. A total of 1548 spots were detected on the gel. Fifty-five gel plugs were picked from the gel and excised for trypsin digestion. A 2-mm spot picking head was used to pick spots from the gel. This allows picking from the central region of the spot, thereby minimizing cross-contamination of the neighboring spots. The digest was then used for MALDI-TOF MS analysis using peptide mass fingerprinting and database searching. Trypsin auto digestion peaks were used as internal calibrants.

Many spots were observed to be either up- or down-regulated following WNV infection. A minimum of 20 matching peptides was used as a criterion for protein search. In most cases, a large number of matching peptides were found. In six cases, no identification was assigned due to either absence from the database or because the number of peptides generated was insufficient to warrant reliable identification. Quantitative analysis using DeCyder software showed 17 spots decreased in WNV-infected neuron culture at a pH range of 5--6 ([Figure 3](#F3){ref-type="fig"}). Four of these spots were identified as Fyn-protooncogene, Coatomer protein complex, Ra1A-binding protein, and dihydropyrimidinase-related protein-2 (DRP-2). Thirty-eight proteins were observed to significantly increase in WNV-infected neurons. Five of these spots were identified as Ras-GTPase-activating protein, SH3-domain-binding protein, Restin, *β*-amyloid peptide, and Ret finger protein ([Table 1](#T1){ref-type="table"}). The presence of SH3-domain-binding proteins and Ras-GTPase activating protein has been shown to be essential for the Ras signal transduction pathway \[[@B33]\]. It is also shown to be a target of caspases in spontaneous apoptosis of lung carcinoma cells in response to etoposide \[[@B34]\] indicating its role in cell cycle regulation and apoptosis. Restin shows a high homology with endostatin, and inhibits cell proliferation to induce cell apoptosis by binding to tropomyosin \[[@B35]\]. The presence of *β*-amyloid peptide is also suggestive of the induction of an apoptotic pathway in West Nile pathogenesis. Recently, Pereira et al (2004) pointed out the role that *β*-amyloid peptide might play in disrupting Ca^2+^ homeostasis, and this Alzhiemer\'s disease-associated amyloidogenic peptide has been reported to induce apoptotic death in cultured cells \[[@B36]\]. The Ret finger protein (RFP), a member of the tripartite motif family, is shown to induce apoptosis in human embryonic kidney cells \[[@B37]\]. RFP activates two distinct cell death pathways: one via a caspase pathway independent of mitochondrial events, and the other via a stress-activated MAP kinase pathway that involves JNK and p38 kinase. Neither of them alone is sufficient to initiate apoptosis, but both are required for RFP-induced apoptosis \[[@B37]\]. WNV has been shown to cause acute encephalitis and death in animals \[[@B38], [@B39]\]. Parquet et al (2001) suggested that WNV induces cell death in N2a neuroblastoma cells through an apoptotic mechanism \[[@B40]\]. We performed immunohistochemistry to confirm if the neuronal pathology and cell death is due to WNV infection. We observed that WNV causes neuronal cell death in primary neurons ([Figure 4](#F4){ref-type="fig"}). Dying neurons were identified by the fragmentation and shrinkage of the cell body with loss of nuclear structure, and neuronal processes. A TUNEL assay was performed to corroborate if the morphological changes observed in neurons infected with WNV were due to apoptosis. Fragmented and condensed nuclei were detected in WNV-infected neurons when compared to that of uninfected control ([Figure 4](#F4){ref-type="fig"}). Similar observations were obtained by others when low virus titer inoculums were used \[[@B41], [@B42]\].

This study has unequivocally identified a large number of proteins that are regulated due to WNV infection of rat neurons. We have made an attempt to identify a few of them and further identification is under process. Neurodegenerative diseases are normally characterized by neuronal loss and cell death. A number of mechanisms appear to contribute towards the neurodegenerative process leading to neuronal apoptosis, toxicity, and unregulated proteolysis \[[@B43], [@B44], [@B45]\]. However, the mechanism of neuronal injury following WNV infection still remains contentious. Various groups have hypothesized the neuronal injury mechanisms to be either due to viral infection leading to apoptosis \[[@B11], [@B41]\] or by being the target to cytotoxic T lymphocytes \[[@B12], [@B46]\]. Chan et al (1989) suggested bystander injury as the cause of neuronal cell death \[[@B13]\]. Collectively, the data present here does give us an insight on the influence of apoptosis during West Nile pathogenesis. However, this may not be the only mechanism causing neuronal injury due to WNV infection. Further studies are required to investigate the changes in protein profile occurring in earlier events after West Nile virus infection. This can be achieved by carrying out time course studies on the protein profiles ranging from day 1 to day 5 post infections. To our knowledge, this is the first proteomic study using 2D-DIGE and MS to reveal the complex picture of protein expression and during WNV infection. However, this is a preliminary study of proteomic analysis and many questions remain unresolved. Studies investigating more pH ranges (single pH ranges) would be needed to better resolve the proteins. However, this report shows that using 2D-DIGE technology, one can efficiently process samples and apply these methods for clinical applications. The combination of two-dimensional electrophoresis and multiplexing with Cyanine dyes provides a new approach to explore and understand the molecular basis of complex pathophysiological mechanisms associated with WNV infections and other neurodegenerative diseases.

Figures and Tables
==================

![Flow chart of 2D-DIGE analysis. Proteins from WNV-infected neurons and respective controls are labeled with Cy3 and Cy5 dyes. These labeled samples are then mixed and applied to a 2D gel. The resulting protein pattern is compared and analyzed for differential protein expression. Proteins can be identified by mass spectrometry. (Modified from Van den Berg and Arckens, 2003.)](41001.fig.001){#F1}

###### 

Silver-stained 2D gels in control and WNV-infected neurons. The pH range is 4--7 and the molecular weight markers represent from 200 kd to 20 kd (top to bottom). The spots circled in (b) (infected-WNV) represent the protein expression that is upregulated and the spots in (a) (control) show the proteins that have been downregulated in WNV infected neurons.
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![DIGE gel image of WNV-infected neurons and control (normal). WNV-infected neuronal protein and control neuronal protein are labeled with Cy3 and Cy5 respectively. The protein samples are mixed and run on an IPG strip of pH 5--6, separated on a 20 cm × 20 cm gel. Spots in green are upregulated, while spots in red are downregulated in WNV-infected neurons. The gel is then stained with Sypro Ruby and spots are picked, digested, and identified using mass spectrometry.](41001.fig.003){#F3}

![Crystal violet staining (A, B), MAP2 staining (C, D), WNV antigen staining (E, F), and TUNEL assay (G, H) of primary culture of rat cortical neurons. Uninfected control neurons morphologically look normal, with thick processes among neuronal bodies (A), while infected neurons show necrotic and apoptotic characteristics, including nuclear condensation, fragmentation, with most processes dissolved (B); WNV viral antigen staining shows bright cytoplasmic fluorescence in infected neurons (F), with control cells negative (E). In TUNEL analysis, control neurons (G) look normal, while infected neurons (H) show fragmented and condensed nuclei characteristic of cells undergoing apoptosis.](41001.fig.004){#F4}

###### 

Proteins differentially expressed in response to WNV infection. Statistical analysis (Student\'s *t* test) was done to determine the significance of the differential protein expression observed.

  --------------------------------------- ------------- -----------
  Proteins identified                     Fold change   *P* ≤ .05
                                                        
  Fyn-protooncogene                       2.0 ↓         .01
  Coatomer protein complex                4.2 ↓         .01
  Ral A-binding protein                   3.4 ↓         .01
  Dihydropyrimidinase-related protein-2   4.0 ↓         .003
  Ras-GTPase activating protein           6.2 ↑         .02
  SH3-domain-binding protein              3.9 ↑         .008
  Restin                                  4.6 ↑         .01
  *β*-amyloid peptide                     2.6 ↑         .003
  Ret finger protein                      4.8 ↑         .01
  --------------------------------------- ------------- -----------
